Abstract The lipid transporter, ATP-binding cassette class A3 (ABCA3), is a highly conserved multi-membranespanning protein that plays a critical role in the regulation of pulmonary surfactant homeostasis. Mutations in ABCA3 have been increasingly recognized as one of the causes of inherited pulmonary diseases. These monogenic disorders produce familial lung abnormalities with pathological presentations ranging from neonatal surfactant-deficiency-induced respiratory failure to childhood or adult diffuse parenchymal lung diseases for which specific treatment modalities remain limited. More than 200 ABCA3 mutations have been reported to date with approximately three quarters of patients presenting as compound heterozygotes. Recent advances in our understanding of the molecular basis underlying normal ABCA3 biosynthesis and processing and of the mechanisms of alveolar epithelial cell dysregulation caused by the expression of its mutant forms are beginning to emerge. These insights and the role of environmental factors and modifier genes are discussed in the context of the considerable variability in disease presentation observed in patients with identical ABCA3 gene mutations. Moreover, the opportunities afforded by an enhanced understanding of ABCA3 biology for targeted therapeutic strategies are addressed.
Introduction
The epithelial monolayer of the distal lung, shown to be critically important for alveolar gas exchange, is coated with a thin film of a surface active agent (Bsurfactant^) composed of a complex mixture of lipid and protein functioning to prevent atelectasis by reducing the mechanical forces (i.e., surface tension) that tend to promote the collapse of alveolar units, particularly at end expiration (Schurch and Roach 1976; Wright and Dobbs 1991; Batenburg 1992) . Pulmonary surfactant (isolated from various mammalian species by differential and gradient centrifugation) is composed predominantly of phospholipids, neutral lipids and cholesterol (totaling 90% by weight). In addition, although disproportionately low, the protein constituents of surfactant (10% by weight) have been shown to include several unique proteins that either contribute to the biophysical activity of surfactant lipids or play a key role in lung mucosal host defense (Batenburg 1992; Wright and Dobbs 1991) . Named in order of
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their discovery, surfactant proteins (SP)-A, SP-B, SP-C and SP-D are each synthesized primarily by alveolar type 2 (AT2) cells; however, with the exception of SP-C, they have also been shown to be produced in lower amounts by other cells types of the distal lung, namely Clara (Club) cells (Rooney et al. 1994; Batenburg and Haagsman 1998) . In addition, SP-A and SP-D have been shown to be expressed at barrier surfaces of other organs (e.g., stomach, small intestines, colon, kidney, inner ear; Motwani et al. 1995; Fisher and Mason 1995; Paananen et al. 2001) .
The alveolar surfactant pool size is controlled primarily by AT2 cells that regulate both its biosynthesis and secretion and that play a contributory role in its re-uptake from the alveolar space. Prior to secretion, synthesized surfactant lipids together with the four surfactant proteins are packaged and stored in multilamellated lysosome-like organelles named lamellar bodies (LBs) that can be readily identified within AT2 cells by using transmission electron microscopy. LBs fuse with the AT2 plasma membrane and secrete their contents into the alveolar lumen by classic regulated exocytosis (Ryan et al. 1975 ). AT2 cells also endocytose surfactant from the alveolar space, some of which is recycled to LBs (Hallman et al. 1981; Fisher and Chander 1985; Chander et al. 1987; Young et al. 1993 ) with the remainder being subjected to lysosomal degradation (Chander et al. 1987) . Alveolar macrophages have also been shown to participate in the uptake and degradation of surfactant phospholipid, SP-A, SP-B and SP-C and thus represent a second cellular component involved in surfactant homeostasis (Wright 1990; Wright and Youmans 1995; Bates and Fisher 1996; Dong and Wright 1998) .
The adenosine triphosphate (ATP)-binding cassette subfamily A member 3 (ABCA3) glycoprotein is a member of the evolutionarily highly conserved multispan transmembrane ABC superfamily of transporters that uses the energy of ATP hydrolysis to translocate a variety of substrates across cell membranes, ranging from small ions (e.g., Cl
− by ABCC7
[cystic fibrosis transmembrane conductance regulator, CFTR]) to large molecules (e.g., cholesterol by ABCA1). Twelve human ABC transporters belonging to the A subfamily (ABCA1-ABCA12) and two pseudogenes (ABCA11P and ABCA17P) have been identified to date (Bullard et al. 2005; Piehler et al. 2006; Tusnady et al. 2006 ). The expression patterns and functional data for ABCA transporters other than ABCA3, such as ABCA1, ABCA2, ABCA4, ABCA6, ABCA7, ABCA9, ABCA10 and ABCA12, suggest a distinct role for each of these transporters in lipid homeostasis functioning in various subcellular compartments (Kelsell et al. 2005; Albrecht and Viturro 2007; Kaminski et al. 2006) . The ABCA3 gene has been mapped to chromosome 16p13.3 and contains 30 exons encoding a 1704-amino acid (180 kDa) protein (Connors et al. 1997; Klugbauer and Hofmann 1996) . Structure prediction algorithms suggest that ABCA3 is typical of most ABC transporters, consisting in four core domains forming a minimal functional unit having two similarly structured halves (Higgins et al. 1986 ; Fig. 1 left) . Each half contains a set of six transmembrane domains and a cytosolic ATP-binding cassette (ABC; nucleotide-binding domain, NBD) that includes two conserved peptide motifs known as Walker A and Walker B (present in many other proteins that utilize ATP for catalytic energy) and a Walker C signature motif unique to ABCA transporters (Dean et al. 2001) . The homology of ABCA3 with other better-characterized ABC transporters suggests that the two sets of transmembrane domains create a conduit within the membrane phospholipid bilayer and that the two NBDs (NBD1 and NBD2) couple the energy of ATP hydrolysis for lipid translocation into the lumen of intracellular compartments (Tusnady et al. 2006; Ban et al. 2007; Kaminski et al. 2006; Kos and Ford 2009) . Although the ABCA3 transporter is found in many tissues including stomach, intestine, liver, kidney and brain, it is highly expressed in the lung in an AT2-cell-specific manner (Mulugeta et al. 2002; Yamano et al. 2001) . In AT2 cells, ABCA3 is preferentially trafficked to the limiting membrane of the LBs (Mulugeta et al. 2002; Zen et al. 1998) and thus is optimally positioned to promote lipid transport across this membrane barrier. Whereas the complete substrate repertoire and specificity has eluded characterization, ABCA3 has been shown to transport a variety of phospholipid species into LBs of AT2 cells and has also been implicated in the uptake of cholesterol into other compartments (Cheong et al. 2006 (Cheong et al. , 2007 Ban et al. 2007; Fitzgerald et al. 2007; Hammel et al. 2007; Zarbock et al. 2015; Matsumura et al. 2007) . A growing body of evidence indicates that mutations in the ABCA3 gene are associated with familial lung diseases ranging from respiratory failure in term neonates to childhood interstitial lung disease (chILD) to idiopathic pulmonary fibrosis (IPF) and diffuse parenchymal lung disease (DPLD) in adults. In this review, we examine recent developments in our understanding of the normal biosynthesis of ABCA3 in AT2 cells and the mechanisms underlying lung disorders associated with ABCA3 mutation-induced AT2 cell dysregulation. We also address other contributing factors that are believed to increase lung disease severity in patients with ABCA3 mutations including environmental factors and genetic modifiers. Moreover, potential treatment approaches for patients with ABCA3 mutations (by using therapeutic models that show promising outcomes in other disease-causing proteins that have structural similarities to ABCA3 and/or that provoke comparable cellular responses similar to those shown in the presence of ABCA3 mutations) are discussed.
Biosynthesis of ABCA3
As illustrated in Fig. 1 , studies of ABCA3 biosynthesis by using both primary AT2 cells and other cell lines have identified several key domains involved in its intracellular trafficking to LBs that parallel but remain distinct from, those found in surfactant proteins (Beers 1998; Beers and Mulugeta 2005; Mulugeta et al. 2015; Osanai et al. 1998; Guttentag 2008) . Following the synthesis of the primary translation product and translocation to the endoplasmic reticulum (ER), ABCA3 is routed via the Golgi, sorting vesicles (SVs) and multivesicular bodies (MVBs) directly to the outer membrane of LBs in AT2 cells or to lysosomes and lysosomal-related organelles in A549 and HEK293 cell lines (Cheong et al. 2006; Mulugeta et al. 2002; Nagata et al. 2004; Beers et al. 2013) . Functionally essential posttranslational modifications including glycosylation and proteolytic cleavage also occur during this trafficking (discussed below). In AT2 cells, ABCA3 is trafficked further from LBs to the plasma membrane and, as for all surfactant-related protein and lipid components, it can be subsequently internalized and either recycled back to LBs and the plasma membrane or shunted to the lysosome for degradation (Schaller-Bals et al. 2000) .
Although the exact location remains to be specified, ABCA3 within post-Golgi compartments also undergoes posttranslational proteolysis at the proximal NH 2 -terminal region generating an ABCA3 product foreshortened by 30-40 kDa (Engelbrecht et al. 2010) . The underlying purpose behind this cleavage is yet to be elucidated, since the removal of such a large segment (∼20% of the primary translation product and including up to three transmembrane domains) is likely to yield a profoundly altered structure of ABCA3 and to disrupt its function. Similar to CFTR, the emergence of a post-translationally modified isoform (in this case, a cleaved ABCA3), could eventually serve as a surrogate biochemical marker for anterograde post-Golgi ABCA3 trafficking or its internalization to degradative compartments (Fig. 2g) .
Functional domains of ABCA3
The structure of ABCA3 is schematically illustrated in Fig. 1 , left. Aside from the two nucleotide-binding domains (NBD1 and NBD2) that are found in every ABC transporter and that serve as the functional unit for active substrate transport across membranes by utilizing the chemical energy of ATP First, the NH 2 -terminal domain of all ABCA transporters, with the exception of one (ABCA10), harbor a signaturetargeting motif comprising five or six amino acids (xLxxKN or xLxKN; Mack et al. 2006; Kaminski et al. 2006 ). This motif has been found not to be a targeting determinant for the final deposition of ABCA transporters but rather it functions to direct proteins to proximal post-Golgi SVs (Beers et al. 2011) . Because each ABCA transporter has a distinct subcellular destination and function, subsequent targeting of ABCA3 to LBs requires additional unidentified signal(s) Beers et al. 2011) .
Second, two distinct N-linked glycosylation sites at asparagine (N) residues 124 and 140 located within the first NH 2 -terminal luminal loop of the transporter are essential for ABCA3 stability (Fig. 1, left) . N-linked glycosylation is one of the most common co-/posttranslational modifications that occurs during protein synthesis in the ER/Golgi and has been shown to have a pivotal role in the folding, stability and cellular localization of proteins (Helenius and Aebi 2001; Beers et al. 2011; Molinari 2007) . Cleavage profiles, generated by using endoglycosidase H (Endo H) and N-gylycosidase F (PNGase F) that cleave N-linked glycans including complex carbohydrate chains, have confirmed the structural prediction that ABCA3 undergoes N-linked glycosylation (Cheong et al. 2006; Matsumura et al. 2006; Beers et al. 2013) . Subsequent site-directed mutagenesis studies have demonstrated that substitution mutations of asparagine to alanine at either or both of the 124 and 140 residues results in the ER retention of glycandeficient ABCA3 isoforms and have shown increased electrophoretic mobility of the expressed products by immunoblot (Beers et al. 2013) . Moreover, whereas the levels of glycandeficient ABCA3 expression are markedly reduced, their levels can be rescued by using proteasome inhibitors (Beers et al. 2013) . Together, these studies suggest that glycosylation at two specific asparagine sites is critical for proper ABCA3 biosynthesis and that their disruption leads to protein destabilization and proteasomal degradation.
ABCA3: a key component in the formation of lamellar bodies and regulation of surfactant homeostasis
Localized at the outer membrane of LBs, ABCA3 functions as a transporter of lipids into the LBs of AT2 cells and is now recognized as one of the critical regulators of LB biogenesis and lung surfactant metabolism (Bullard and Nogee 2007; Bullard et al. 2005; Ban et al. 2007; Cheong et al. 2006) . In both in vitro cell line models and in vivo mouse lung models, various studies have demonstrated that ABCA3 is involved in the transport regulation of phosphatidylcholine (PC), phosphatidylglycerol (PG), sphingomyelin, cholesterol, phosphatidylethanolamine and phosphatidylserine (Cheong et al. 2006 (Cheong et al. , 2007 Hammel et al. 2007; Matsumura et al. 2007; Ban et al. 2007; Fitzgerald et al. 2007 ). Among these lipids, PC and PG represent the two most abundant phospholipids in surfactant accounting for 60-70% and ∼9% by mass of the total mass of surfactant, respectively. Moreover, the disaturated dipalmytoyl PC (DPPC) constituting 41% of total PC plays a critical role in the surfacetension-lowering properties of surfactant because of its unique properties. The saturated chains of DPPC can be packed at the air-liquid interface to reduce the surface tension required for stabilizing the lung at low lung volume (Hawco et al. 1981; Wustneck et al. 2005; Parra and Perez-Gil 2015) . The importance of ABCA3 in the regulation of surfactant homeostasis is underscored by compelling evidence that term neonates with biallelic mutations in the ABCA3 gene suffer from surfactant deficiency and fatal respiratory distress (Shulenin et al. 2004; Garmany et al. 2006; Brasch et al. 2006; Kunig et al. 2007; Bruder et al. 2007; Saugstad et al. 2007; Anandarajan et al. 2009; Wambach et al. 2014) . Bronchoalveolar lavage from these infants shows deficiency in both PC and PG with significantly reduced surface activity (Garmany et al. 2006) . Ultrastructure examination of lung tissues from these infants also reveals a complete lack of mature LBs, which are replaced by numerous smaller and denser inclusion bodies lacking well-developed lamellae (Shulenin et al. 2004 ).
Mouse models of ABCA3-deficient mice appear to mirror these findings. Homozygous Abca3 null mice die within a few hours following birth, primarily because of respiratory distress, whereas heterozygous mice have decreased levels of both PC and PG and fewer LBs (Cheong et al. 2007; Ban et al. 2007; Fitzgerald et al. 2007; Hammel et al. 2007 ). Other phospholipid species that have been reported to be dramatically reduced in these Abca3 null mice include phosphatidylethanolamine and phosphatidylserine (Cheong et al. 2007; Ban et al. 2007; Fitzgerald et al. 2007) . At the ) and Type II (E292V) functional deficient mutants (b-b'', e-e'') are normally trafficked to distal post-Golgi, CD63 positive and calnexinnegative lysosomal compartments, whereas Type I (L101P) trafficking defective mutant is retained within the calnexin-positive and CD63-negative ER compartment (f-f'', c-c''). Bars 5 μm. g Representative anti-EGFP immunoblot of typical ABCA3 protein expression patterns from whole cell lysates of HEK293 cells expressing EGFP-tagged wild type (WT; left lane), Type II mutants (E292V, N568D; middle two lanes) and a Type I mutant (L101P; right lane). The primary translation products of the EGFP-tagged ABCA3 isoforms migrate at ∼220 kDa. The presence of processed products (at 180 kDa) in wild type and Type II ABCA3 mutants indicates that, similar to the wild type isoform, the Type II mutants are properly targeted to the lysosomes but not the Type I mutant that is not processed supporting its ER localization shown above ultrastructure level, AT2 cells in Abca3 knockout mice also exhibit an absence of normal LBs and have LBs with morphological features similar to those observed in ABCA3 null infants (Cheong et al. 2007; Ban et al. 2007; Hammel et al. 2007; Fitzgerald et al. 2007; Shulenin et al. 2004 ).
ABCA3 mutations are associated with pulmonary disorders
In addition to their critical function in maintaining surfactant homeostasis, AT2 cells are also recognized as being crucial to the general health of the distal lung, participating in lung repair by serving as a progenitor cell population for the replacement of long-lived AT2 and type 1 epithelial (AT1) cells following lung injury (Adamson and Bowden 1975; Barkauskas et al. 2013; Spencer and Shorter 1962) . This has been supported by the observations from many groups that mutations in genes with predominantly AT2-cell-restricted expression (e.g., SP-A [SFTPA], SP-C [SFTPC]) or that disrupt AT2 biology (e.g., Hermansky-Pudlak syndrome, HPS genes), can induce AT2 cell dysfunction and parenchymal lung disease in children and adults (Wert et al. 2009; Stevens et al. 2005; Brasch et al. 2004; Guttentag et al. 2005; Willander et al. 2012) .
Similarly, as Fig. 3 schematically illustrates, over 200 distinct ABCA3 mutations have been identified and are recognized as the most prevalent group of mutations among genes associated with surfactant-related lung disorders (Shulenin et al. 2004; Ota et al. 2016; Peca et al. 2015; Bullard et al. 2005; Garmany et al. 2006; Doan et al. 2008; Flamein et al. 2012; Wambach et al. 2014; Goncalves et al. 2014) . Various types of coding and non-coding variants in the ABCA3 gene have been described including missense, nonsense, frameshift, insertion, deletion and splice site mutations. The vast majority of ABCA3 mutations result in an ABCA3 null phenotype with the aforementioned surfactant-deficient neonatal lung disease and death within the first months following birth. The primary mechanism for such consistently poor outcomes appears to be the presence of two null alleles, typically caused by the presence of nonsense or frameshift mutations (Wambach et al. 2014) . Histopathological features of these disorders include variable degrees of pulmonary fibrosis with patterns of AT2 cell hyperplasia, interstitial thickening and airspace infiltration of foamy macrophages that are frequently present with proteinaceous materials (Wert et al. 2009 ). These features are consistent with disorders that are commonly characterized by pathologists as chronic pneumonitis of infancy (CPI), nonspecific interstitial pneumonia (NSIP), neonatal or congenital pulmonary alveolar proteinosis (PAP) and infantile desquamative interstitial pneumonia (DIP; Wert et al. 2009; Bullard et al. 2006; Dishop 2011; Whitsett et al. 2015) .
Less frequent are ABCA3 mutations that are associated with a more chronic phenotype that affects older children and adults often resulting in chILD, IPF, or DPLD (Bullard et al. 2005; Bullard and Nogee 2007; Doan et al. 2008; Wert et al. 2009; Crossno et al. 2010; Epaud et al. 2014; Ota et al. 2016 ). These disease-causing ABCA3 mutations have been shown to result in either partial loss-of-function caused by aberrant ABCA3 protein trafficking or impaired ABCA3 lipid-pump function or, alternatively, promote a toxic gain-of-function phenotype through the induction of cell stress pathways (Matsumura et al. 2006 (Matsumura et al. , 2008 Cheong et al. 2006 ). The variable age of onset and overlapping phenotypic features among individuals with these mutations are considered to be attributable to confounding factors including the nature of the mutations, environmental factors, modifier genes and clinical interventions (Wert et al. 2009; Young et al. 2008 ).
Functional classification of disease-related ABCA3 mutations
In vitro mechanistic studies have identified three classes of ABCA3 mutations. Type I mutations, such as L101P (Fig. 2) , L982P, Q1591P and L1553P, result in protein misfolding and abnormal intracellular trafficking of the transporter. They are typically initially retained within the ER resulting in their impaired processing, the generation of an ER stress response and the induction of apoptotic cell death (Matsumura et al. 2006 (Matsumura et al. , 2008 Young et al. 2008; Weichert et al. 2011) . Type II mutations are positioned within or adjacent to the catalytic domains (NBD1 and NBD2) of the transporter and include E292V, N568D, E690K and T1114M (Fig. 3) . Whereas these are trafficked normally to LBs or lysosomal-like organelles (Fig. 2) , these mutations result in a functional deficit in ATP hydrolysis and consequently in impaired lipid transfer (Matsumura et al. 2006 (Matsumura et al. , 2008 . Studies have shown that ATP hydrolysis by E292V mutant protein is moderately preserved, whereas the ATP hydrolysis activity in N568D, E690K and T1114M mutant transporters is dramatically decreased (Matsumura et al. 2006 ). Finally, Type III mutations are compound heterozygotes (having both Type I and Type II mutations) and frequently exhibit a more severe phenotype. The most prevalent ABCA3 mutation in humans, E292V, is a Type II missense substitution that produces an IPF/DPLD phenotype in children and adult patients, which is often found in a compound heterozygous state with other Type I or II mutations (Garmany et al. 2008; Matsumura et al. 2008; Wambach et al. 2014; Kitazawa and Kure 2015; Fig. 3) .
Although these in vitro studies have been instrumental in defining and categorizing broad classes of phenotypes resulting from alterations in the coding region of ABCA3, a challenge has been to model and predict the specific effect of individual mutations based solely on their location within the ABCA3 primary sequence. Although some success in genotype-phenotype correlation has been possible with alterations located in the catalytic nucleotide-binding domains (i.e., mutations such as N568D and E690K are likely to disrupt lipid pump function; Matsumura et al. 2006 Matsumura et al. , 2008 , various studies have revealed limitations in our exact understanding of ABCA3 structure-function when other regions of ABCA3 are concerned. For example, the means by which certain functionally deficient mutations such as E292V or T1114M, both located distal to the catalytic domains, disrupt lipid transport remains unclear. Thus, the traditional paradigm for approaching structurefunction analysis utilizing in vitro expression to assess trafficking, ATP hydrolysis and/or lipid transport efficiency remains a reliable but low-throughput approach to understanding the mechanisms by which mutations alter ABCA3 expression and function. Future approaches would benefit from the successful generation of a three-dimensional crystal structure (a highly challenging feat for multi-membranespanning peptide evaluation) and from the development and optimization of high-throughput expression and functional screening assays. Fig. 3 Lung-disease-associated compound heterozygous mutations of ABCA3. Top Representation of published lung-disease-associated ABCA3 compound heterozygous mutations with at least one of the mutations in the coding region (number in circle mutations represented by matching numbers have been reported in a compound heterozygous state, black circle mutation reported with only one specific mutation in the second allele, purple circle mutation reported with multiple different mutations in the second allele, red circle trans allelic mutations corresponding to purple-circled mutations, yellow highlights key example: a common variant, E292V (21, purple-circled) and the 13 other redcircled mutations numbered 21 that have been identified in trans (LB lamellar body, ECD extracellular domain, NBD nucleotide-binding domain). Bottom List of non-coding mutations, mutations that have been reported only by their nucleotide coding location and mutations reported in cis. Amino acid letter color codes: black non polar (or X = stop), green polar, red negatively charged, blue positively charged Role of compound heterozygous mutations in ABCA3-mediated lung disease
As illustrated in Fig. 3 , compound heterozygous variants account for approximately three quarters of all report lungdisease-associated ABCA3 mutations to date (Shulenin et al. 2004; Matsumura et al. 2008; Ota et al. 2016; Peca et al. 2015; Bullard et al. 2005; Garmany et al. 2006; Doan et al. 2008; Flamein et al. 2012; Wambach et al. 2014; Goncalves et al. 2014 ). Many of these mutations are clustered within the first and forth luminal loops and in the cytosolic domains, particularly within or adjacent to the second nucleotide-binding domain (NBD2). As previously stated, the presence of a combination of Type I (trafficking) and Type II (lipid pump) variants as compound heterozygous mutations appears to increase the disease severity in children as evidenced by the parents of these children having only one of the mutations and being asymptomatic without apparent respiratory disease (Kitazawa et al. 2013; Wambach et al. 2014; Flamein et al. 2012; Goncalves et al. 2014; Kitazawa and Kure 2015) . Whereas ABCA3-associated lung disease is believed to be inherited in an autosomal recessive manner requiring mutations on both alleles, monoallelic ABCA3 mutations in infants with surfactant deficiency and in children and adults with IPF/ DPLD are also common (Shulenin et al. 2004; Agrawal et al. 2012; Peca et al. 2015; Wambach et al. 2012; Naderi et al. 2014) . Although the genetic mechanisms underlying the disease in these cases are unclear, the genetic background of each individual (including potential genetic modifiers) and environmental factors have been proposed to play a role in exacerbating disease severity in the presence of a vulnerable AT2 cell/lung expressing harmful ABCA3 mutant proteins (discussed below).
Moreover, a recent report by Wambach et al. (2014) clearly indicated that a number of these compound heterozygotes have two mutations within the same allele, where the contribution of each variant to disease etiology is unclear. However, given that some mutations in ABCA3 lead to partial lipid pump function (Matsumura et al. 2006 (Matsumura et al. , 2008 or cause inefficient protein trafficking (Beers et al. 2011) , the combination of such mutations in cis may have an additive or synergistic effect, with both mutations contributing to the overall dysfunction of the protein.
Impact of environmental factors and modifier genes on disease course
Substantial clinical variability in the age of onset or the severity of lung disease has been observed in children and adults carrying many of the ABCA3 mutations. Whereas some of this diversity may be attributed to variations in the ability of individual ABCA3 mutations to alter cellular homeostasis or trigger specific aberrant signaling pathways, patients with the identical ABCA3 mutation have also been found to develop a very severe form of lung disease, to manifest a mild form of disease, or to show no symptoms at all suggesting a possible role for modifier genes and/or environmental factors. Since the lung is directly exposed to environmental insults, it has developed a natural ability to protect itself by both immunological and non-immunological mechanisms. Although a healthy lung has a highly efficient lung injury/repair system, the risk of lung injury and disease incidence increases with increasing exposure to certain factors such as tobacco smoke, air pollutants and pathogens. For example, IPF is found more frequently in patients with a history of cigarette smoke exposure (Baumgartner et al. 1997; Schwartz et al. 1994) , which is considered one of the strongest associated risk factors for the development of IPF/DPLD (Steele et al. 2005) . The most consistent evidence for environmental factors has come from epidemiologic and molecular surveys for exposure to EpsteinBarr virus, cytomegalovirus, hepatitis C and human herpes virus-8 (Yonemaru et al. 1997; Tang et al. 2003; Lawson et al. 2008) . One or more of these viruses have been detected in the lungs of up to 97% of tested patients with IPF (Egan et al. 1995; Tang et al. 2003 ). An in vitro study of A549 cells, an alveolar epithelial cell line, has shown a potentiating effect by respiratory syncytial virus (RSV) toward a phenotypic shift from epithelial to mesenchymal features (Kaltenborn et al. 2012) . Whether the underlying mechanism of this effect is attributable to a direct interaction between ABCA3 protein and RSV or is simply a function of global cellular damage by a pathogen has yet to be elucidated. To date, no reports have addressed the role that viral infection plays in the cell biology of ABCA3 or have described the common mechanisms of disease progression as a result of the direct interference of viruses (and other pathogens) with ABCA3 trafficking/function, suggesting that further studies in these areas are warranted. Nevertheless, the absence of lung disease in some individuals and the variable disease phenotype in others carrying ABCA3 mutations suggest a contribution by environmental insults, especially in the form of multiple hits (Ba two hit model^) such as smoking and viral infection, among others. Thus, depending on the type of mutation, individuals harboring ABCA3 mutation-induced dysfunctional AT2 cells are likely to be more vulnerable to multiple hits that then drive a chronic abnormal lung injury/remodeling process to initiate lung disease and/or accelerate lung disease progression.
The role of modifier genes in exacerbating disease severity has been supported by various studies. In mice, multiple intestinal neoplasia is caused by dominant mutation of the Apc gene where the number of intestinal tumors depends on the Mom-1 (Modifier of Min-1) gene (Dietrich et al. 1993) . In humans, a familiar example is sickle cell disease where patients who are homozygous for the sickle hemoglobin mutation can present with remarkably different clinical courses, varying from death in childhood, to multiple organ damage in adults, to being relatively well even until old age (Bunn 1997; Steinberg 1999) . Various genetic loci have been identified that can modulate the sickle cell disease phenotype, including nucleotide motifs within the beta-globin gene cluster and genes located on various chromosomes (Chui and Dover 2001) . Modifier genes are often suggested to explain clinical variability in other monogenic disorders (Nadeau 2001; Wolf 1997) . Surfactant protein gene variants, for example, may also act as modifiers. In a Danish cohort, carriers of the 121ins2 SFTPB variant who were also smokers showed a two-fold increased risk for developing chronic obstructive pulmonary disease (Baekvad-Hansen et al. 2010a) . In a separate study, an SFTPC mutation, SP-C A53T, was associated with a twofold increased risk for asthma (Baekvad-Hansen et al. 2010b) . Perhaps the most relevant and compelling finding relative to this review is a study reporting that mutations in the ABCA3 gene can modify the severity of lung diseases associated with the SFTPC mutation (Bullard and Nogee 2007) . This study examined the families of children carrying the SFTPC I73T mutation and suffering from severe pulmonary phenotypes but with asymptomatic parents. Three of the four infants were also found to be heterozygous for mutations in the ABCA3 gene, supporting the premise that ABCA3 mutations act as a genetic modifier in SFTPC mutationassociated lung disorders. The role of specific modifier genes in altering the course of ABCA3-related lung disease is currently unknown but logically, approaches involving next generation/whole genome sequencing of ABCA3 cohorts could provide additional information.
Strategies for ABCA3 therapeutics
Currently, no specific treatment exists for disorders caused by ABCA3 mutations. The establishment of a detailed understanding of the molecular mechanisms by which the aberrant expression of these genes induces cellular dysfunction and organ failure is paramount to providing insights for the development of targeted therapies. Similar to the approaches to the drug development for cystic fibrosis, which has been heavily invested in the correction of the specific defects in the mutant CFTR protein that have emerged from a detailed mechanistic understanding of CFTR biology, ABCA3 mutant isoforms (whether functionally defective or mistargeted) could be subjected to a therapeutic development strategy. Moreover, in directed cases, approaches aimed at reducing aberrant cellular responses to mutant protein expression including ER stress, inflammatory signaling/cytokine elaboration and/or cell death could prove beneficial in the search for designing novel therapies for ABCA3-associated pulmonary disorders.
Modulation of protein trafficking by exogenous small molecules (chemical chaperones) is a viable therapeutic approach for disorders caused by mistrafficked and/or dysfunctional mutant proteins but the feasibility in clinical application is challenging. In vitro, in vivo and clinical studies have shown that the small molecule, 4-phenylbutyric acid (4-PBA; an FDA approved drug for urea cycle disorders) enhances the proper trafficking of the CFTR variant (CFTR
ΔF508
) and mutants of α-1 antitrypsin (α-1AT) and Alzheimer disease amyloid precursor protein (APP) through effects on heat shock protein expression (Wiley et al. 2010; Burrows et al. 2000; Rubenstein and Zeitlin 2000) . Addition of 4-PBA has also been demonstrated to prevent aggregate formation of the hSPC ΔExon4 mutant protein in vitro (Wang et al. 2003) .
Nevertheless, although 4-PBA has been recognized as a potential therapeutic drug for disorders including cystic fibrosis and α-1 anti-trypsin deficiency for more than a decade, reports on the development of advanced clinical trials for 4-PBA have been lacking, probably because of the paucity of positive data on improving clinical outcomes. Other small molecules including glycerol and trimethylamine oxide (TMAO) promote protein folding/trafficking and restore function in vitro (Brown et al. 1996; Sato et al. 1996) . However, the therapeutic indices for both glycerol and TMAO have been shown to be too narrow (toxicity limiting) to attain effective serum levels in preclinical mouse models expressing the CFTR ΔF508 variant (Bai et al. 1998) .
One promising advance has been in the technology of highthroughput screening that has allowed up to 100,000 small molecules to be tested simultaneously to identify those with the potential to improve the function of defective CFTR protein (Carlile et al. 2007; Galietta et al. 2001) . Two main groups of drugs have been identified: Bcorrectors^that correct the trafficking of misfolded CFTR protein to the cell membrane and Bpotentiators^that improve the chloride transport of dysfunctional CFTR mutants. Such model systems may have a potential application in analyzing the mistrafficked and dysfunctional mutant ABCA3 isoforms. Furthermore, the structural similarities shared between these two ABC transporters (ABCA3 and CFTR [ABCC7]) could have direct applicability in using and repurposing these existing CFTR compound libraries for directed therapy for ABCA3 mutations.
Concluding remarks
Rare monogenic disorders, such as those caused by ABCA3 mutations, provide unique opportunities to investigate the molecular pathways of cell/lung injury and remodeling. In the case of ABCA3 mutations (and other surfactant component mutations), the spatial restriction of their expression to AT2 cells in the lung supports the hypothesis that intrinsic epithelial cell injury and abnormal wound repair initiate and propagate the disruption of normal epithelial homeostasis and epithelial-fibroblast interaction to promote DPLD and fibrosis (for reviews, see Uhal and Nguyen 2013; Mulugeta et al. 2015) . Genetic and environmental factors have now been generally implicated as contributors to phenotypic variation in many diseases including ABCA3-related disorders. However, the relative effect of each component is difficult to assess because of the myriad environmental factors and genetic modifiers that are involved. Despite these challenges, progress has been made in deciphering genetic and non-genetic factors underlying disease variability for several of the more common Mendelian disorders promoting the development of targeted therapeutic strategies. The challenge remains, especially for rare diseases for which the blinded controlled evaluation of therapies has yet to prove feasible. Molecular signatures for certain types of mutations that cause cell/lung injury in a mutation-specific fashion and the quality control systems employed by these cells in an attempt to sustain cellular homeostasis are some of the mechanisms that need to be dissected both to enhance our understanding of disease etiology and to develop treatment strategies. Moreover, elucidation of the contribution of environmental factors and genetic modifiers will further support this effort. In vitro strategies and animal models mimicking both the genotype and phenotype of ABCA3-mediated lung disease may provide the means to overcome some of these challenges.
